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Re ´ sume ´ — Un sche ´ ma nume ´ rique performant pour la simulation des e ´ coulements d’agents chimiques
dans les re ´ servoirs pe ´ troliers — Dans cet article, nous proposons un sche ´ ma nume ´ rique
performant pour la simulation des proce ´ de ´ sd er e ´ cupe ´ ration ame ´ liore ´ e utilisant des espe ` ces
chimiques. Dans un soucis de clarte ´ , seul le polyme ` re est conside ´ re ´ dans le mode ` le physique.
Ainsi, nous conside ´ rons un mode ` le black-oil ame ´ liore ´ par la prise en compte du polyme ` re : une
e ´ quation de conservation de sa masse et l’effet qu’il occasionne sur la phase eau. Nous
supposons que le polyme ` re est transporte ´ dans la phase eau uniquement ou adsorbe ´ sur la
roche suivant une isotherme de Langmuir. Pour ce mode ` le physique, nous proposons un
sche ´ ma nume ´ rique base ´ sur une technique de pas fractionnaire. La premie ` re e ´ tape consiste en
la re ´ solution du sous syste ` me constitue ´ des e ´ quations de conservation de la masse des
composants lourd, volatile et eau et la deuxie ` me e ´ tape est de ´ die ´ ea ` la conservation de la masse
du polyme ` re. Les matrices issues des formulations implicites conservent une taille re ´ duite
pre ´ servant ainsi l’efﬁcacite ´ des solveurs line ´ aires. Cependant, le couplage entre les e ´ quations
des constituants et du polyme ` re n’est pas comple ` tement re ´ solu. Pour montrer la validite ´ de ce
sche ´ ma, nous avons de ´ veloppe ´ un sche ´ ma explicite pour le polyme ` re. Son crite ` re CFL
(Courant-Friedrichs-Levy) contraint de prendre des petits pas de temps ce qui assure une
bonne re ´ solution du couplage. Pour valider le sche ´ ma implicite, nous avons re ´ alise ´ quelques
simulations utilisant du polyme ` re: le balayage d’une carotte, un 5-spot en pre ´ sence d’ions et de
surfactant et un cas re ´ el tridimensionnel. Des comparaisons sont effectue ´ es entre les sche ´ mas
explicite et implicite du polyme ` re. Elles montrent que le sche ´ ma implicite est efﬁcace, robuste
et reproduit bien la physqiue. Les de ´ veloppements et les simulations ont e ´ te ´ re ´ alise ´ s avec le
logiciel PumaFlow [PumaFlow (2013) Reference manual, release V600, Beicip Franlab].
Abstract — Efﬁcient Scheme for Chemical Flooding Simulation — In this paper, we investigate an
efﬁcient implicit scheme for the numerical simulation of chemical enhanced oil recovery technique for
oil ﬁelds. For the sake of brevity, we only focus on ﬂows with polymer to describe the physical and
numerical models. In this framework, we consider a black-oil model upgraded with the polymer mod-
eling. We assume the polymer only transported in the water phase or adsorbed on the rock following
a Langmuir isotherm. The polymer reduces the water phase mobility which can change drastically
the behavior of water oil interfaces. Then, we propose a fractional step technique to resolve implicitly
the system. The ﬁrst step is devoted to the resolution of the black-oil subsystem and the second to the
polymer mass conservation. In such a way, jacobian matrices coming from the implicit formulation
have a moderate size and preserve solvers efﬁciency. Nevertheless, the coupling between the black-
oil subsystem and the polymer is not fully resolved. For efﬁciency and accuracy comparison, we
propose an explicit scheme for the polymer for which large time step is prohibited due to its
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DOI: 10.2516/ogst/2013189CFL (Courant-Friedrichs-Levy) criterion and consequently approximates accurately the coupling.
Numerical experiments with polymer are simulated : a core ﬂood, a 5-spot reservoir with surfactant
and ions and a 3D real case. Comparisons are performed between the polymer explicit and implicit
scheme. They prove that our polymer implicit scheme is efﬁcient, robust and resolves accurately the
coupling physics. The development and the simulations have been performedwith the software Puma-
Flow [PumaFlow (2013) Reference manual, release V600, Beicip Franlab].
INTRODUCTION
Using chemical Enhanced Oil Recovery (EOR) tech-
niques to improve oil recovery in oil ﬁelds is a challeng-
ing task. With these techniques, from 30% to 60% of the
reservoir’s initial oil in place can be extracted [1] com-
pared to 10-20% when primary or secondary recovery
techniques are used [2]. Chemical EOR techniques con-
sist in chemical injection such as polymers (P), surfac-
tants (S), alkaline (A) or foam (F) depending on the
considered case. The chemical effects are usually com-
bined to obtain famous process such as SWAG (Surfac-
tant Water Alterning Gas), FAWAG (Foam Alterning
Water Alterning Gas) processes. Thus, one has to deter-
mine carefully the necessity of using EOR, and the best
operating mode relatively to ﬁnancial proﬁtability and
global problem constraints. For this, reservoir engineers
use intensively reservoir simulation software for the
experimentation of many exploitation scenarios. Thus,
simulation softwares have to be accurate, robust and
very efﬁcient. This paper describes the numerical model-
ing and simulation of chemical injection using the reser-
voir simulator PumaFlow of IFP Energies nouvelles [3].
For the sake of brevity, we focus only on the polymer.
The polymers used in EOR technique are water solu-
ble and have high molecular weight. They are injected in
oil ﬁeld through the wells. They increase the water vis-
cosity and lower the mobility ratio [4, 5]. Thus, water
oil interfaces have less instabilities: water ﬁngering and
breakthrough are reduced. Thus, the oil recovery is
improved as water cut is delayed. Depending on the rock
and water phase properties, polymers can be adsorbed
on the rock’s surface, reducing their beneﬁts on the oil
recovery. Ions are also under concern in our model as
polymers adsorption depends on salinity.
Usually, these ﬂows are described with a black-oil
type system [6] upgraded with the chemicals components
mass conservation, adsorption equations and effects on
the phases. In fact, in order to preserve the simulator efﬁ-
ciency, compositional models are as far as possible
avoided. We suppose that chemical components are only
transported in the water phase. The physical model
includes speciﬁc mathematical difﬁculties because chem-
ical components effect on the properties of the ﬂow. For
the polymer, the mobility reduction depends on various
parameters, in particular polymers’ non-Newtonian
behavior [4, 5]. Thus, devising an accurate, robust and
efﬁcient numerical scheme is a challenging task.
In the present paper, we focus on ﬁnite volume numer-
ical methods. Initially, because of the complexity of the
physical system, numerical methods are based on
fractional step techniques. Pressure and eventually
saturation are solved implicitly and then chemical
componentsare deduced usingexplicit numericalschemes
[7–9]. This technique leads to severe time step restriction
with polymers and numerical simulation at ﬁeld scale
becomes time consuming. In fact, polymers have high
molecular mass and size and thus ﬂow faster than other
components. Thus, they induce severe CFL (Courant-
Friedrichs-Levy)criterion.Fullyimplicitschemescanbeen
considered. These approaches consider all the dependen-
cies between polymers and other variables. When several
chemical species are simulated, the implicit matrices
obtained from linearization are composed of full large
sizedblocksleadingtohighmemorycostandtheuseoflin-
ear iterative solvers becomes lessefﬁcient. For thisreason,
fully implicit schemes have not been investigated yet. In
this paper, we experiment anoriginalimplicit formulation
basedonafractionalsteptechnique.Theblack-oilsubsys-
tem and the polymer mass conservation are resolved
sequentially. The polymer equation is resolved either
explicitlyorimplicitly.The polymerimplicitschemeissta-
bleandpreserveslinearsolverefﬁciencyasjacobianmatri-
ces have reduced size. This scheme is robust and allows to
take large time steps. However, because of the strong cou-
pling between the black-oil subsystem and the polymer
massconservation,thephysicsofthecouplingislessaccu-
ratelyresolvedwhenlargetimestepsareconsidered.Inthis
way, we have performed several numerical simulations
with polymer: a core ﬂood, a 5-spot reservoir with surfac-
tant and ions and a 3D real case. With these simulations,
weprovethatthepolymerimplicitschemereproducescor-
rectly the physics of the polymer on the ﬂow with a good
efﬁciency.
In Section 1, we present the physical model governing
the ﬂow. It is composed of a black-oil subsystem
upgraded with the polymer mass conservation equation
and the modeling of its effect on the water phase. In
Section 2, our numerical schemes are described: an
implicit scheme for the black-oil subsystem and either
586 Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 69 (2014), No. 4an explicit or implicit scheme for the polymer mass con-
servation equation. For the explicit scheme, we exhibit
an approximate CFL criterion. Then, in Section 3, we
propose several numerical simulations for which we
compare the results obtained between the polymer expli-
cit and implicit schemes. We prove our implicit numeri-
cal scheme efﬁcient and relevant to reproduce polymer
ﬂooding ﬂows.
1 PHYSICAL MODEL
We consider a model for a three-phase ﬂow in a porous
medium with polymer. We distinguish three phases: a
liquidphaseW mainlyconsistingofwater;asecondliquid
phase O mainly consisting of oil and a gas phase G.
This ﬂow is impacted by the presence of a polymer. We
suppose the polymer is whether mobile and transported
in the water phase only, or ﬁxed and adsorbed on the
rock. When present in the water phase, we assume that
the polymer mass does not affect the water mass conser-
vation. However, the polymer reduces the water velocity
through a mobility reduction factor.
1.1 Modiﬁed Black-Oil Model
To describe the water and hydrocarbon phases, we con-
sider a black-oil model [6, 10] where the water phase
involves a mobility reduction factor noted Rm which is
deﬁned below:
otðUChqOSOÞþr  qOChuO ðÞ þ ChqO ¼ 0
otðUqGSG þ UCvqOSOÞþr  qOCvuO þ qGug
  
þ qG þ CvqO ¼ 0
otðUqWSWÞþr  qW
uW
Rm
  
þ qW
Rm
¼ 0
8
> > > > > > > > > <
> > > > > > > > > :
ð1Þ
where U is the rock porosity. For each phase denoted
w ¼ W;O;G, Sw is the saturation, qw is the mass density
and qw denotesthe source term per volume. It will be use-
ful to discern the outﬂow source terms qþ
w   0 modeling
producer wells and the inﬂow source terms q 
w   0
devoted to injector wells. In the following, we suppose
that we only inject water in the reservoir: q 
O ¼ q 
G ¼ 0.
Ch and Cv ¼ 1   Ch denote respectively the mass frac-
tion of the heavy and volatile components in the oil
phase. The volatile component mass transfer between
the oil and gas phases is governed by the equilibrium
X v ¼ 1=Kv whereKv isanequilibriumconstantdepending
onpressure.X v isthemolarfractionofthevolatilecompo-
nent in the oil phase deﬁned from Ch and Cv.
Under laminar ﬂow conditions, the pure phase veloc-
ities in permeable porous media are governed by general-
ized Darcy laws:
uW ¼ KkrW
lW rPW   qWg ðÞ
uO ¼ KkrO
lO rPO   qOg ðÞ
uG ¼ KkrG
lG rPG   qGg ðÞ
8
> > > > <
> > > > :
where K is the rock permeability, krw is the relative per-
meability for the phase w, lw is the pure phase viscosity,
Pw is the pressure of the phase w and g is the gravity. In
order to simplify notations, we introduce the phase
mobility kw ¼ krw=lw and the hydrodynamic potential:
vw ¼  K rPw   qwg
  
such that uw ¼ kwvw.
1.2 The Polymer Model
The system (1) is completed with the polymer mass con-
servation equation:
ot mp
  
þr  qW
uW
1   aP ðÞ Rm
Cw
  
þ
qW
Rm
Cw ¼ 0 ð2Þ
where mp ¼ UqWSWCw þð 1   UÞqRCr is the total mass
of polymer per unit volume, Cw is the polymer mass frac-
tion in the water, Cr is the polymer mass fraction on the
rock and qR is the rock mass density assumed constant.
aP   1 is the exclusion volume factor.
Adsorption
We suppose that the polymer adsorption is instanta-
neous and governed by a Langmuir isotherm [4, 5].
The mass fraction of polymer adsorbed on the rock is
deﬁned by:
Cr ¼ qmax
P
bCw
1 þ bCw ð3Þ
where b is the Langmuir coefﬁcient and qmax
P is the max-
imal adsorption which may depend on the salinity.
The total mass of polymer mP is thus related to the
mobile polymer mass fraction in the water Cw through
the relation:
mp ¼ UqWSWCw þð 1   UÞqRqmax
P
bCw
1 þ bCw
¼ FðCw;U;qW;SWÞ
ð4Þ
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mp ¼ FðCw;U;qW;SWÞ deﬁned with the previous for-
mula. This operator is invertible with respect to the poly-
mer mass fraction Cw as this variable can be obtained
from the total polymer mass by resolving a second order
polynomial equation which has a unique positive root.
After some calculations, we obtain:
Cw ¼ F 1 mp;U;qW;SW
  
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mW
b þ mp   mRqmax
P ðÞ
2
þ 4mWqmax
P
q
 
mW
b þ mp   mRqmax
P ðÞ
2mW
ð5Þ
where mW ¼ UqWSW and mR ¼ð 1   UÞqR.
Thus, the operator F deﬁnes a bijection between the
total mass of polymer mP and the mobile polymer mass
fraction Cw. In order to simplify notations, we omit,
from now, the dependence of this operator on the poros-
ity, water density and saturation.
Mobility Reduction Factor
Rm is the mobility reduction induced by the polymer. In
fact, the polymer effect can be viewed as an increase of
the water viscosity. When water is used to mobilize
other phases with high viscosity such as heavy oil, the
polymer improves the mobility ratio between water
and oil kW;O ¼ kW=kO (see [11] for more details). By
consequence, the water ﬁngering at the interfaces with
oil occurring with unfavorable mobility ratio is reduced
or canceled and water breakthrough is delayed. From a
production point of view, the water cut is also delayed
and oil recovery is thus improved. As polymers can be
of different forms such as hydrolyzed polyacrylamide
or biopolymer and depend strongly of the regime con-
sidered through a non Newtonian behavior, we con-
sider that the mobility reduction is a function of the
form:
Rm ¼
Rtab
m ðCw;c;IlÞ
Rtab
m ð0;c;IlÞ
1 þ
Cr
qmax
P
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rtab
m ð0;c;IlÞ
q   1
0
B @
1
C A
0
B @
1
C A
 2
Rtab
m is a tabulated function deduced from experimental
data. It is given from three parameters: the polymer con-
centration in the water phase Cw, the shear stress c
deﬁned by a analytical correlation:
c ¼
4 uW jj
USWRp
withRp ¼
8 K jj krW
USW
   1
2
and the ionic force Il which is a function of salinity.
Exclusion Volume
Due to their important size, polymer molecules have a
limited access to pore volume [11] and ﬂow usually faster
in the water phase. These phenomena depend essentially
on the characteristic of the porous media, the polymer
type, its concentration and the water phase saturation.
These phenomena are usually referred as inaccessible
pore volume or exclusion volume. Their modeling is per-
formed by considering a reduction of porosity in the
polymer mass balance equation through the parameter
aP. In practice, exclusion volumes are low values and dif-
ﬁcult to measure. In our model, we consider a constant
exclusion volume factor.
In the next section, we describe the numerical resolu-
tion of the system composed of the subsystem (1) and the
polymer equation (2). The coupling between the two
parts of the system comes from the mobility reduction
and the polymer adsorption. This coupling is strong
and discussed in the following.
2 DISCRETIZATION AND NUMERICAL SCHEME
2.1 Model Formulation
Beforedescribingournumericalmethod,let’sﬁrstdiscuss
about the properties and formulations of the physical
model. Composed of hyperbolic and parabolic equations
(see [10] for the black-oil system) with additional non lin-
earityduetopolymeradsorptionandmobilityreduction,
it is hence hazardous to analyze the model. In fact, the
polymer mass conservation and the water phase conser-
vation are fully coupled though the mobility reduction
which involves the mobile polymer concentration,
adsorptionandtheﬂowshearrate.Fromaphysicalpoint
of view, the presence of polymer changes drastically the
behavior of a ﬂow. It transforms an unstable ﬂow with
water ﬁngering and law pressure ratio between producer
and injector wells to a stable ﬂow where polymer main-
tains the water oil interface and increases the pressure
ratio between the wells. Thus the underlying physics of
the polymer mobility reduction is non linear and of high
importance, making the system fully coupled.
In such a context, it is usually recommended to use a
fully implicit scheme. In order to have a stable and con-
vergent scheme, all terms must be derived: mobility
reduction, shear rate, polymer adsorption isotherm.
These terms involve the water saturation, the porosity
and the polymer mass fraction yielding to non sparse
jacobians. In general, chemical recovery process use
several chemical species, for example the A (alkaline)
S (surfactant) P (polymer) process. In this case, Jacobian
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ciency of the method. Additional derivative calculations
become signiﬁcant, linear systems have high dimension
and require more memory and their resolution needs
an important amount of additional arithmetic opera-
tions.
We suggest to investigate a sequential resolution
which enforces the numerical stability and efﬁciency of
the method. In this framework, we propose to resolve
the system (1) in two steps: the ﬁrst step is devoted to
the black-oil subsystem and the second step to the poly-
mer mass conservation. In this way, jacobian matrices
have a limited size ð3   3 or 1   1Þ. The additional deriv-
ative calculations are low and the efﬁciency of the linear
solver is preserved. Nevertheless, the coupling of the sys-
tem is endangered because the coupling between the
polymer and the black-oil system is not fully resolved,
especially with large time steps. One has to prove by
numerical simulation that this method resolves accu-
rately the physics of the ﬂows.
For the polymer mass conservation equation, several
unknowns can be chosen for the resolution. In fact, this
equation can be formulated with the total polymer mass
in each bulk volume:
ot mP ðÞ þ r  
qWuWF 1ðmpÞ
ð1   aPÞRm F 1ðmpÞ
  
  
þ
qþ
WF 1ðmpÞ
Rm F 1ðmpÞ
   þ q 
WðCwÞ
inj
Rm ðCwÞ
inj    ¼ 0
where ðCwÞ
inj denotes the polymer mass fraction in the
injected water. For this formulation, non linearities
related to adsorption and mobility reduction are con-
tained in the space derivatives. Thus, time discretization
is still simple leading to a scheme with low mass balance
error.
The polymer total mass conservation can also be
rewritten with the mobile polymer mass fraction in
water, yielding the equation:
ot FðCwÞ ðÞ þ r   qWuWCw
ð1   aPÞRmðCwÞ
  
þqþ
WCw
Rm Cw ðÞ þ
q 
WðCwÞ
inj
Rm ðCwÞ
inj ðÞ ¼ 0
Despite this formulation looks more simple, the time
dicretization involves some non linear terms, making
the scheme less reliable in term of mass conservation.
In the case where the non linearity becomes signiﬁcant,
the scheme might generate polymer mass conservation
loss. This formulation will not be used.
In the following subsections, we detail the resolution
of the black-oil subsystem and of the polymer mass
conservation. The black-oil subsystem resolution is
based on an implicit scheme and the polymer is resolved
explicitly or implicitly.
2.2 Domain Discretization
Let Mh be an admissible ﬁnite volume mesh of the reser-
voir given by a family of control volumes or cells noted
K. For any K of Mh, jKj is its measure, KL ¼ oK \ oL is
the common interface between K and L and nKL denotes
the unit normal vector to the interface KL outward to K.
The set of neighbors of the cell K is denoted by NðKÞ,
that is NðKÞ¼f L 2 Mh;oK \ oL 6¼; g .
Pprod is the set of perforations of the producer wells
and Pinj is the set of of perforations of the injector wells
and M is the set of all the corresponding perforated cells
in Mh. For instance, K is a perforated cell if it exists a
perforation j 2 Pprod or j 2 Pinj such that MðjÞ¼K.
Finally, we introduce an increasing sequence of dis-
crete times ftng0 n N such that t0 ¼ 0 and tN ¼ T. Then,
the time interval ð0;TÞ is subdivided into N variable time
steps  t ¼ tnþ1   tn, 0   n   N   1.
2.3 Water and Hydrocarbons Mass Conservation
For the water and hydrocarbon components mass con-
servation equations discretization, we use an implicit
scheme in time and an upwind ﬁnite volume method
for the spatial derivatives:
See Equation (6)
where vnþ1
w;KL is a ﬁnite volume discretization of the ﬂux R
KL vw   nKLdr at the time t ¼ tnþ1. For each phase, we
deﬁne the operator:
ðvw;KLÞ
þ ¼ maxð0;vw;KLÞandðvw;KLÞ
  ¼ minð0;vw;KLÞ
in order to have the upwind scheme. Except the reduc-
tion mobility factor, the numerical scheme is classical
and addressed in the literature [10].
In a fully implicit scheme, the mobility reduction fac-
tor should be set as:
ðRmÞ
l
K ¼ð RmÞ
nþ1
K
¼ Rm F 1ððmpÞ
nþ1
K Þ;ðUÞ
nþ1
K ;ðqWÞ
nþ1
K ;ðSWÞ
nþ1
K
  
yielding a fully complete 4   4 Jacobian in our context.
As it is mentioned in the previous section, this scheme
efﬁciency can be reduced depending of the context
because of the memory needed, derivatives calculation
and Newton convergence. Thus, we propose to discretize
B. Braconnier et al. / Efﬁcient Scheme for Chemical Flooding Simulation 589explicitly the mobility reduction factor so that the poly-
mer mass equation can be resolved separately:
ðRmÞ
l
K ¼ð RmÞ
n
K
¼ Rm F 1ððmpÞ
n
KÞ;ðUÞ
n
K;ðqWÞ
n
K;ðSWÞ
n
K
  
As the mobility reduction factor is explicitly resolved,
the resolution of the system (6) is classical. For the reso-
lution of the polymer mass fraction, we detail in the next
sections two types of decoupled resolution, an explicit
scheme or an implicit scheme.
2.4 Polymer Explicit Scheme
Once the black-oil subsystem (6) has been resolved and
the updated composition, saturation, density, pressure
and porosity have been obtained, one has to consider
the polymer mass conservation equation. The ﬁrst
scheme proposed is explicit and resolved with the vari-
able mP: the total mass of polymer in each grid cell.
The explicit scheme writes as follows:
jKj
ðmPÞ
nþ1
K  ð mPÞ
n
K
 t
þ
P
L2NðKÞ
F
 1
ðmpÞ
ð1   aPÞRm
   n
K
ðqWkWÞ
nþ1
K ðvnþ1
W;KLÞ
þ
þ
F 1ðmpÞ
ð1   aPÞRm
   n
L
ðqWkWÞ
nþ1
L ðvnþ1
W;KLÞ
 
þ
X
j2PprodjMðjÞ¼K
Q
 ;nþ1
W;j
F 1ðmpÞ
Rm
   n
K
þ
X
j2PinjjMðjÞ¼K
Q
þ;nþ1
W;j
Cw
Rm
   inj
j
ð7Þ
where we took:
F 1ðmpÞ
   n
K ¼ F 1 ðmpÞ
n
K;ðUÞ
n
K;ðqWÞ
n
K;ðSWÞ
n
K
  
ðRmÞ
n
K ¼ Rm F 1ðmpÞ
   n
K;ðUÞ
n
K;ðqWÞ
n
K;ðSWÞ
n
K
  
(
Let remark that the mobility reduction has to be taken
entirely at time t ¼ tn in order to be consistent with the
black-oil subsystem resolution.
Once the total mass ðmpÞ
nþ1
K has been computed, we
deduce the new values of the mobile mass fraction
ðCwÞ
nþ1
K from Equation (5) and the adsorbed mass frac-
tion ðCrÞ
nþ1
K from Equation (3).
Thisexplicitscheme(7)isobviouslysubmittedtoaCFL
criterion. However, as the polymer velocity is not a diver-
gencefreeﬁeld,itisnotpossibletoderiveaL1 stabilitycri-
terion such as the method described in [12]. Instead, we
proposeaVonNeumannstabilityanalysiswhichprovides
the stability criterion for the polymer scheme:
 t   min
K2Mh
jKjAn
K
P
L2NðKÞ
ðqWkWÞ
nþ1
K ðvnþ1
W;KLÞ
þ
1 aP þ
P
j2PprodjMðjÞ¼K
Q
þ;nþ1
w;j
0
B B B @
1
C C C A
ð8Þ
with
A ¼
1
1   1
Rm
oRm
oCw
  
2mW
1 þ
mW
b þmp mRqmax
P ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mW
b þmp mRqmax
P ðÞ
2
þ4mWqmax
P
q
where all the values involved in this relation have to be
taken at time t ¼ tn and cell K to obtain An
K. The ﬁrst
fraction is imputed to the mobility reduction: it can relax
or constraints the maximum time step depending on the
jKj UqOSO ðÞ
nþ1
K   UqOSO ðÞ
n
K
 t þ
P
L2NðKÞ
ðqOkOChÞ
nþ1
K ðvnþ1
O;KLÞ
þ þð qOkOChÞ
nþ1
L ðvnþ1
O;KLÞ
 
þ
P
j2PprodjMðjÞ¼K
ðChÞ
nþ1
K Q
þ;nþ1
O;j ¼ 0
jKj UqOCvSO þ UqGSG ðÞ
nþ1
K   UqOCvSO þ UqGSG ðÞ
n
K
 t þ
P
L2NðKÞ
ðqOkOCvÞ
nþ1
K ðvnþ1
O;KLÞ
þ þð qOkOCvÞ
nþ1
L ðvnþ1
O;KLÞ
 
þ
P
L2NðKÞ
ðqGkGÞ
nþ1
K ðvnþ1
G;KLÞ
þ þð qGkGCvÞ
nþ1
L ðvnþ1
G;KLÞ
  þ
P
j2PprodjMðjÞ¼K
Q
þ;nþ1
G;j þð CvÞ
nþ1
K Q
þ;nþ1
O;j
  
¼ 0
jKj UqWSW ðÞ
nþ1
K   UqWSW ðÞ
n
K
 t þ
P
L2NðKÞ
ðqWkWÞ
nþ1
K
ðRmÞ
l
K
ðvnþ1
W;KLÞ
þ þ ðqWkWÞ
nþ1
L
ðRmÞ
l
L
ðvnþ1
W;KLÞ
  þ
P
j2PprodjMðjÞ¼K
Q
þ;nþ1
W;j
ðRmÞ
l
j
þ
P
j2PinjjMðjÞ¼K
Q
 ;nþ1
W;j
ðRmÞ
l
j
¼ 0
8
> > > > > > > > > > > > > > > > > > > > > > > > > > <
> > > > > > > > > > > > > > > > > > > > > > > > > > : (6)
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second fraction is related with adsorption and relaxes
the CFL criterion as the more the polymer is adsorbed
the more stable is the scheme.
This CFL criterion makes the entire scheme relevant
because large time steps are prohibited. The approxima-
tion made on the mobility reduction does not impact sig-
niﬁcantly the results. Non linearity is sufﬁciently
sampled and physical effects are correctly reproduced
as shown in Section 3.
2.5 Polymer Implicit Scheme
We now propose to develop a more efﬁcient scheme for
the polymer mass conservation. We suggest to avoid
the nonlinearities related to the adsorption and to the
mobility reduction factor. In this way, the numerical
scheme devoted to the polymer mass conservation is
decomposed relatively to a fractional step method. In a
ﬁrst step, we resolve implicitly the polymer ﬂow in the
water whereas the adsorption is frozen. The polymer
mobile equation can be rewritten and resolved with the
mobile polymer mass fraction in water as unknown:
jKjðmWÞ
nþ1
K ðCwÞ
nþ1=2
K  ð mWCwÞ
n
K
 t
þ
P
L2NðKÞ
ðCwÞ
nþ1=2
K
ð1   aPÞ Rm ðÞ
n
K
ðqWkWÞ
nþ1
K ðvnþ1
W;KLÞ
þ
þ ðCwÞ
nþ1=2
L
ð1   aPÞ Rm ðÞ
n
L
ðqWkWÞ
nþ1
L ðvnþ1
W;KLÞ
 
þ
P
j2PprodjMðjÞ¼K
Q
þ;nþ1
W;j
ðCwÞ
nþ1=2
K
Rm ðÞ
n
K
þ
P
j2PinjjMðjÞ¼K
Q
 ;nþ1
W;j
Cw
Rm
   inj
j
¼ 0
where the subscript n þ 1=2 denotes the solution of this
ﬁrst step.
This scheme is linear in the variable ðCwÞ
nþ1=2
K which
enables robustness, stability and efﬁciency. The use of
the Newton’s algorithm is not necessary. In addition, it
makes the scheme preserve exactly the global mass
balance.
Let note that preserving the consistency with the
scheme (6) imposes to resolve explicitly the mobility
reduction in the polymer mass conservation.
The second step yields the ﬁnal solution and is
devoted to the resolution of the Langmuir isotherm by
computing the new equilibrium:
ðCwÞ
nþ1
K ¼ F 1 ðmWÞ
nþ1
K ðCwÞ
nþ1=2
K þð mRÞ
n
KðCrÞ
n
K
  
from which we deduce the updated total polymer mass
with Equation (4). Finally, the adsorbed mass
fraction ðCrÞ
nþ1
K is computed in each grid block using
Equation (3).
In the ﬁrst step of the scheme, the mobility reduction
is taken explicit and it conducts to a CFL criterion. It is
possible to formally derive a Von Neumann approach
stability analysis but because of its implicit/explicit
structure, the CFL criterion is obtain after matrices
inversion and diagonalizing. Computing such criterion
has not been considered in practice because it is time
consuming. By construction, the second step is a projec-
tion operator and is not submitted to a CFL criterion.
However, the approximation performed: explicit mobil-
ity reduction and fractional step technique can deterio-
rate the resolution of physics and bring numerical
diffusion. In Section 3, we prove that our scheme is very
efﬁcient and that the physics is accurately resolved.
3 NUMERICAL VALIDATION
3.1 Polymer Core Flood
To validate our implicit method, we consider a one-
dimensional numerical test which highlights the proper-
ties of the implicit numerical scheme. For this, we choose
the injection of a polymer slug followed by chase-water
in a carrot. To put into perspective the beneﬁt of poly-
mer on the oil ﬂow rate and cumulative oil production,
we also performed the experiment with a tracer instead
of the polymer. A tracer is a passive chemical component
which does not affect the ﬂow. A very simple type tracer
is a dye. From a mathematical point of view, tracers are
governed by Equation (2) without adsorption, mobility
reduction and exclusion volume (set Rm ¼ 1, aP ¼ 0
and qmax
P ¼ 0). They are numerically resolved with the
same technique as polymers. We consider the results of
polymer or tracer explicit resolution as reference to val-
idate our implicit scheme.
The domain is a parrallelepipedic pore volume with
dimensions Lx ¼ 100m, Ly ¼ Lz ¼ 1m, a ﬁrst well in
x ¼ 0m for injection and a second well in x ¼ 100m
for production. In this medium, the porosity is constant
U ¼ 0:20 D. At initial time, the volume is uniformly sat-
urated with oil So ¼ 0:85. At time T0 ¼ 0dðdayÞ,w e
inject water containing a polymer or a tracer at mass
concentration Cw ¼ 500ppm through the ﬁrst well.
Water viscosity is only modiﬁed by the polymer which
can be linearly increased by a factor 4 with the shear
stress and by a factor 10 at the polymer concentra-
tion Cw ¼ 500ppm. The injection is performed
until T1 ¼ 81:25d with the ﬂow rate Q ¼ 0:032m3:d 1.
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with pure water until the ﬁnal time Tf ¼ 3125d. For the
second well, the ﬂow rate is imposed at a given value Q.
The adsorption phenomenon is neglected for this test
case.
Considering the ﬂow rate constant in time and
through the carrot and ﬂuid incompressible, this case
can be described with dimensionless data [13, 14] . For
this, we introduce the time s ¼ ULxLyLz=Q ¼ 625dcorre-
sponding to the time needed for the injection of one pore
volume in the reservoir at the ﬂow rate Q.
This experiment is reproduced considering a one
dimensional reservoir model with Nx ¼ 1000,
Ny ¼ Nz ¼ 1. The simulation is performed using a fully
implicit solver [8] except for the polymer or tracer. These
components are either resolved explicitly with CFL
criterion about 1 or implicitly with CFL criterion about
1 or 10. The computations are done on a standard PC
with one processor of an Intel Xeon(R) CPU
2.67 GHz. In Table 1, we summarize all the cases and
give some numerical data.
Note that for CFL = 1, implicit and explicit
schemes run with very similar computational time. In
fact, the implicit scheme requires the calculation of
the implicit matrix, its storage and the linear system
resolution. Indeed, the extra cost of solving the linear
system is low because for small time step, convergence
is obtained after only one iteration of the IFPEN
solver [15].
In Figure 1, we plot the dimensionless oil ﬂow rate
and cumulative oil production for each run. The implicit
resolution of polymer leads to results with more numer-
ical diffusion as it can be seen in the spreading of the
front located at time t ¼ 0:4s. For the case implicit with
CFL   10, the oil production is slightly overestimated
on the time interval ð0:2s;0:4sÞ but this has nosigniﬁcant
effect on cumulative oil production. For the cases with
tracer, as the tracer has no effect on the ﬂow, the addi-
tional numerical diffusion is produced by the implicit
resolution of pressure and saturation. Despite, this
numerical diffusion is not so visible because the curves
do not have discontinuities. Then we show in Figure 2,
the dimensionless component ﬂow rate at the producer
well and the component cumulative mass production.
These curves put into perspectives the additional numer-
ical diffusion of the implicit scheme. Despite, the solu-
tion is still accurate: front location and mass balance.
This test validates the implicit resolution of polymer.
This scheme is robust and allows to pass through
TABLE 1
Time simulation results for 1D test case
Component Resolution CFL T CPU (s) Nstep
Polymer Explicit   1 246 12548
Polymer Implicit   1 241 12548
Polymer Implicit   10 33:5 1367
Tracer Explicit   1 240 12548
Tracer Implicit   13 4 :4 1367
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Polymer, explicit, DTMAX = 0.25 d
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Polymer, implicit, DTMAX = 2.50 d
Tracer,  explicit, DTMAX = 0.25 d
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a) b)
Figure 1
a) Dimensionless (by the total ﬂow rate Q) oil ﬂow rate at the productor well at in situ condition versus dimensionless time.
b) Dimensionless (by the initial oil in place) cumulative oil produced versus dimensionless time.
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diffusion is not negligible but does not modify the accu-
racy of the results: front location, mass conservation,
cumulative production.
3.2 Polymer Surfactant and Ions in a 5-Spot Reservoir
We study now another test case with SP (Surfactant-
Polymer) ﬂood. It consists of a 5-spot reservoir with only
one layer vertically. The mesh reservoir is composed of
one bloc in z direction and 101 blocs in both x and y
directions. The dimensions are: Lx ¼ Ly ¼ 5m and
Lz ¼ 10m. The medium is heterogeneous with porosity
varying from 0.017 to 0.14 and permeability varying
from 0 and 570 mD (Fig. 3). The initial irreducible water
saturation is equal to 0.23 and the initial residual oil sat-
uration is equal to 0.32. The temperature of the reservoir
is about 85 C with 214bar for average pressure. There
are four wells injector in each corner of the reservoir
and only one well injector in the center.
Surfactant data (permeability-capillary pressure
curves modiﬁcation, adsorption) as well as polymer data
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Polymer, implicit, DTMAX = 2.50 d
Tracer,  explicit, DTMAX = 0.25 d
Tracer,  implicit, DTMAX = 2.50 d
a) b)
Figure 2
a) Dimensionless (by the polymer concentration injected) polymer concentration at the producer well versus dimensionless time.
b) Dimensionless (by the total polymer mass injected) cumulative polymer mass at the producer well versus dimensionless time.
Figure 3
a) Initial distribution of porosity and b) permeability in x direction of the 5-spot 2D reservoir.
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5-spot SP ﬂood injection schedule
Time (days) Surfactant
slug (ppm)
Polymer slug
(ppm)
Salinity
(g=L)
Until 513 0 0 1
Until 899 8 000 2 000 1
Until 1 541 0 2 000 1
TABLE 3
Time simulation results for 2D 5-spot test case
Component Polymer Polymer
Resolution Explicit Implicit
 T max 2 days 2 days
T CPU 1 h 11min25 s 26min40 s
Nstep 48715 3624
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Figure 4
Production results of the 2D 5-spot test case. a) bottom-hole pressure, b) cumulative oil at surface condition, c) salinity.
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Grid production results for a) explicit and b) implicit schemes – mass concentration of polymer at different time – 5-spot case.
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Grid production results for a) explicit and b) implicit schemes – salinity at different time – 5-spot case.
Figure 7
Initial distribution of porosity a) and permeability in x direction b).
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state, brine is present in the reservoir with a salinity
around 150 g=L. In the simulations of this test case we
inject a SP ﬂood with brine, the schedule is summarized
in Table 2. Note that chemical species and brine are
treated in the same way for each scheme, i.e. explicit
and implicit.
We summarize the time simulation results in Table 3.
We obtain a gain about 2.7 with implicit scheme
compare to the explicit one. Indeed, implicit treatment
permits to have larger time steps while still satisfying
all constraints (pressure and saturation maximal varia-
tion for example). Consequently, the number of time
steps is 13 times less with the implicit scheme and the
simulation is much faster.
Figure 4 reports some numerical results for producer
wells: bottom-hole pressure, cumulative oil at surface
condition and salinity. We can see that all variables have
good agreement between the two schemes.
Figures 5 and 6 show the propagation of the polymer
and salinity in the reservoir along time. Here again, we
have good precision of the transport of polymer and salt
between implicit and explicit schemes.
TABLE 4
Time simulation results for 3D test case
Component Polymer Polymer
Resolution Explicit Implicit
CFL 1 day 10 days
T CPU (s) 26677 3402
Nstep 12423 1384
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Figure 8
Well production results of explicit (red) and implicit (blue) schemes: a) mass ﬂow rate, b) cumulative mass and c) mass concentration of
the polymer component.
B. Braconnier et al. / Efﬁcient Scheme for Chemical Flooding Simulation 5973.3 3D Real Case
To enhance our implicit scheme for polymer treatment,
we will now present some numerical results of a three-
dimensional real test case. We consider a reservoir
modeled by a mesh deﬁned in corner point geometry
by 47   50   45 blocs in the directions ðx;y;zÞ. The
dimension of each bloc is Lx ¼ Ly ¼ 25m and
Lz ¼ 1:2m approximately. The reservoir contains some
faults and the medium is heterogeneous (porosity values
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Figure 9
Well production results of explicit (red) and implicit (blue) schemes, comparison between polymer and tracer injections: surface volume
rate and cumulative mass production of water, oil and gas components.
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Grid production results for a) explicit and b) implicit schemes – mass concentration of polymer at different time.
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 7 and 0.47 and permeability values in
x-axis between 0 and 8140mD, Fig. 7) with three-phase
ﬂows, e.g. water-oil-gas. The irreducible water satura-
tion is equal to 0.10162 and the residual oil saturation
is equal to 0.20113. Capillary pressure is taken into
account in the model. There are one well injector and
one well producer, both of them are of opposite sides
in the reservoir. These wells obey different ﬂow rate
and pressure constraints. Note that pressure constraint
is relaxed for well injector to maintain same ﬂow rates
and consequently same volumes of injected ﬂuid for
comparison reason. For this test case, adsorption phe-
nomenon is activated with qmax
P ¼ 20lg=g of rock and
exclusion volume factor is taken equal to 0.05.
After11daysofnaturaldepletionproduction,weinject
a slug of water containing polymer during 15 years fol-
lowed by a slug of chase-water (without polymer) during
9 years. The mass concentration of the polymer in the
injected water is Cw ¼ 1000ppm which leads to a reduc-
tionviscositybyafactor6withregardtothegivenmobility
reductiontable.Adsorptionisneglectedinthesimulations.
We ﬁrst do a simulation with the explicit scheme of
polymer, then we make use of the implicit scheme on this
component to improve the simulation performance. For
the explicit resolution, the CFL criterion is equal to 1 to
assure the stability, while for the implicit resolution it is
equal to 10. A simulation with a tracer instead of the
polymer is also presented for comparison with polymer
injection. The computations are done in the same conﬁg-
uration has the previous test cases. Time numerical
results are shown in Table 4.
Despite time consumed for calculation of the implicit
matrix and its linear resolution, the implicit scheme is
7.8 times faster than the explicit one.
Other numerical results for this test case are presented
in Figures 8 and 9 (well production results) and 10 (grid
ﬂow results). We can see good agreement between expli-
cit and implicit schemes. On the contrary of the ﬁrst 1D
test case, numerical diffusion is not signiﬁcant for this
3D test case as all fronts superpose. Note that in Figure 9
we also show green curves, results of tracer injection
simulation. As tracer has no effect on ﬂow properties,
these curves correspond to a simple chase-water simula-
tion, i.e without chemical injection. We can see that we
obtain a better oil and gas production with polymer/
surfactant injection which demonstrates a great interest
of EOR injection for enhanced oil recovery.
CONCLUSION AND PERSPECTIVES
In the context of chemical EOR, we have proposed an
implicit scheme for the resolution of chemical species.
The implicit scheme is based on a fractional step tech-
nique. A ﬁrststep isdevoted to the resolution of the com-
ponent mass conservation and the second step to the
polymer mass conservation. This technique makes the
scheme efﬁcient and robust with large time steps. How-
ever the coupling between the phases and the polymer
mass conservation is not fully resolved. We have proved
by numerical simulations that our scheme resolves accu-
rately this coupling with large time steps. For the core
ﬂood case, numerical diffusion is more important but
the solution still than an accurate behavior: front loca-
tion and good mass conservation. For the reservoir scale
cases, the results obtained with the polymer explicit and
implicit schemes are in very good agreement, especially
the polymer concentration in the reservoir and the well
results. In the future work, we will experiment fully
implicit scheme with all polymer physics derived. The
goal is to determine if this scheme provides more accu-
rate results with an attractive calculation time, especially
for core ﬂood simulations. In particular, the impact of
the implicit resolution of the polymer non linear effect
either on the linear solver convergence or on the
Newton’s algorithm convergence has to be studied care-
fully.
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